Cutaneous wound healing is a complex tissue response that requires a coordinated interplay of multiple cells in orchestrated biological processes to finally re-establish the skin's barrier function upon injury. Proteolytic enzymes and in particular matrix metalloproteinases (MMPs) contribute to all phases of the healing process by regulating immune cell influx, facilitating migration of fibroblasts and keratinocytes, and remodeling of the scar tissue. As a result of these pleiotropic functions in the healing skin wound, uncontrolled activities of MMPs are associated with impaired wound healing, a growing health problem in Western countries due to increased life expectancies and rising rates of underlying diseases, such as diabetes. However, detailed mechanisms have been only partially unraveled, and new diagnostic tools and more targeted therapies are urgently needed. In this review, we discuss the roles of MMPs in acute and chronic wound healing and summarize current therapeutic approaches aiming at inhibiting aberrant MMP activities in healing disorders.
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Sabino and auf dem Keller to reach the provisional wound matrix. As a consequence, the wound appears red and swollen.
Minutes after injury, neutrophils migrate to the wound site in response to complement activation, degranulation of platelets, and bacterial degradation, and clean the affected area from external particles and microorganisms, dying a few days later. 8 Neutrophils also release chemoattractants and proinflammatory molecules, such as tumor necrosis factor alpha, interleukin (IL)-1β, and IL-6 to amplify the inflammatory response. Soon after, mast cells and monocytes infiltrate the wound (within 2-3 days), where the monocytes differentiate into macrophages and phagocyte pathogens, remaining neutrophils, and tissue debris. Macrophages release additional growth factors and cytokines that induce cell migration, proliferation, and production of new ECM.
Proliferation
The proliferative phase lasts 2-10 days after wounding, is mainly characterized by proliferation and migration of cells, and involves re-epithelialization, angiogenesis, and fibroplasia. Growth factors and cytokines released by inflammatory and epithelial cells at the wound edges induce proliferation and migration of keratinocytes to cover the wound with a new epidermis. 9 Approximately 4 days after injury, the wound starts to be filled with new stroma, also called granulation tissue due to its high density in fibroblasts, granulocytes, macrophages, capillaries, and collagen. In response to various growth factors and promoted by thrombin, blood vessels in proximity of the wound start sprouting and give rise to new vessels that provide nutrients and oxygen to the growing tissue and are responsible for its granular appearance. Concomitantly, fibroblasts and macrophages migrate to the wound site. Fibroblasts proliferate and produce large amounts of collagen and ECM molecules (fibroplasia), which replace the provisional matrix. Fibroblasts gradually differentiate into myofibroblasts, which secrete ECM and contract, reducing the size of the wound. 10 This new matrix plays an essential role in the support of endothelial cell migration and vessel growth. Macrophages release growth factors and cytokines that further stimulate fibroplasia and angiogenesis.
Remodeling
The remodeling phase is the last stage of skin repair, occurs from 2-3 weeks to 2 years after injury, and is mainly characterized by wound contraction and reorganization of the ECM. Wound contraction is mostly mediated by myofibroblasts and reaches its maximum 2 weeks after wounding. The granulation tissue undergoes a remodeling process by degradation of the majority of collagen type III fibers that were synthesized during the proliferative phase and synthesis of the stronger form of collagen type I. This process is mainly mediated by matrix metalloproteinases (MMPs) secreted by macrophages, epidermal cells, endothelial cells, and fibroblasts. 11, 12 Most myofibroblasts, macrophages, and endothelial cells undergo apoptosis or leave the injured site, stopping formation of granulation tissue and ceasing angiogenesis. These changes in the type of collagen at the wound site, along with closure of the wound and reduction in number of vessels, are responsible for the replacement of granulation tissue by a scar. Scar tissue is less elastic than unwounded skin and lacks appendage structures, such as hair follicles, sebaceous glands, and sweat glands.
MMPs in skin repair
MMPs are a family of endoproteinases consisting of the "classical" MMPs, the membrane-bound MMPs, the ADAMs (a disintegrin and metalloproteinases, otherwise known as adamlysins), and the ADAMTSs (ADAMs with thrombospondin motif). 11, 13 The classical MMPs comprise 24 secreted and surface-bound, zinc-dependent enzymes that are subdivided into collagenases (MMP-1, MMP-8, MMP-13, and MMP-18), gelatinases (MMP-2 and MMP-9), stromelysins (MMP-3, MMP-10, and MMP-11), matrilysins (MMP-7 and MMP-26), membrane-bound MMPs (MMP-14, MMP-15, MMP-16, MMP-17, MMP-24, and MMP-25), and other MMPs (MMP-12, MMP-19, MMP-20, MMP-21, MMP-23, MMP-27, and MMP-28). Since the discovery of MMPs by Gross and Lapiere in tadpole tails, these enzymes have been primarily implicated in the degradation of ECM. 14 However, with the availability of genetically engineered models, it was observed that MMPs have a variety of other non-matrix substrates, such as cytokines, chemokines, growth factors, their binding proteins, and receptors. 15 The activity of MMPs is tightly regulated both at the transcriptional and at the post-transcriptional level. 16, 17 Several cell types, such as keratinocytes, fibroblasts, endothelial cells, and inflammatory cells can control MMP activity by regulation of gene expression in response to cytokines, growth factors, hormones, oncogenes, and contact with other cells or ECM. For some MMPs, regulation also occurs through modification of chromatin, stabilization of messenger RNA and during secretion of the enzyme. 16, 18 Importantly, all MMPs are synthesized as inactive zymogens and require activation by other proteases, such as plasminogen, furin, or other MMPs. 18, 19 Finally, active MMPs are controlled by tissue inhibitors of metalloproteinases (TIMPs), a family of MMPs in chronic wounds four secreted proteins (TIMP-1, -2, -3, and -4) that reversibly inhibit MMP activity. 20 
MMPs in acute wound healing
While levels of MMPs are very low in normal skin, their expression and activity strongly increase upon injury. 11, 12, 18, [21] [22] [23] There is evidence for increased gene expression during wound repair of MMP-2, MMP-3, MMP-9, MMP-11, MMP-12, MMP-13, and MMP-14. In the first day after wounding, MMPs are secreted by inflammatory cells and cleanse the wound from damaged ECM and tissue. MMPs also play an important role in the formation of granulation tissue by acting on basement membranes of arterioles. This helps migrating endothelial cells from new vessels to reach the wound bed. In response to growth factors, endothelial cells of existing vessels activate signaling cascades that culminate in the release of MMPs to allow for endothelial proliferation and migration through digestion of tissue matrix. Similarly, migrating keratinocytes secrete MMP-1, MMP-2, MMP-9, and MMP-10 that modulate keratinocyte motility by degradation of proteins involved in cell-cell and cell-matrix adhesion, allowing re-epithelialization to occur. [24] [25] [26] During the remodeling phase, fibroblasts and myofibroblasts release MMPs that degrade irregular portions of matrix, which constitute the scar and help in contraction of the newly formed scar tissue. Importantly, MMPs also regulate the inflammatory response as well as cell-cell and cell-matrix signaling by activation or inactivation of cytokines, chemokines, and growth factors. 27 Thus, MMPs play crucial roles during all phases of cutaneous wound healing, and as a consequence, uncontrolled activity of these proteases is thought to be one of the main causes for healing impairments. 21, 28, 29 
MMPs in chronic wounds
Chronic wounds (non-healing wounds or chronic ulcers) represent a growing health problem in Western countries due to aging populations or underlying conditions, such as diabetes, obesity, infection, and poor nutrition. 30, 31 Non-healing wounds develop when the healing process fails to proceed through all normal stages of cutaneous repair, but is stalled in a pathologic state of inflammation associated with impaired neovascularization, reduced synthesis of collagen, increased proteolytic activity, and defective macrophage function. 29, 32 Chronic wounds are characterized by elevated levels and activities of collagenases (MMP-1 and MMP-8) and gelatinases (MMP-2 and MMP-9) and concomitant abnormal low levels of TIMPs. 33, 34 If the tightly controlled equilibrium of MMP activity and inhibition is disturbed, the wound progresses to a state of increased ECM degradation, alteration of cytokine profile, and degradation of growth factors, culminating in delayed or absent wound closure. 18, 35 For example, activities of MMP-2 and MMP-9 are several times higher in non-healing than in healing wounds, and inhibition of these enzymes helps to enhance the healing process. However, if levels of MMP-9 become lower than normal, epithelialization is delayed. 36 It was observed that most of the collagenase activity is derived from MMP-8; MMP-8 levels can be 50-100 times higher in chronic than in normal wounds. 33, 37 This enzyme is secreted by neutrophils, which in chronic wounds do not undergo rapid apoptosis but persist during the entire healing process as a result of chronic inflammation. 35 Excessive neutrophil activation also leads to increased production of neutrophil-derived elastase that degrades connective tissue molecules and activates MMPs. 38 MMP-8 degrades collagen and potentially influences the pathophysiology of the wound by degradation of fibronectin, α1-antiproteinase, α2-macroglobulin, growth factors, such as transforminggrowth factor (TGF)-β and platelet-derived growth factor (PDGF), and products of fibroblast synthesis. 35 This chain of events disrupts the equilibrium between synthesis and remodeling of ECM components, which is a key determinant for successful skin repair. 28 It has been shown that fibronectin is present at high levels in chronic wounds. 36 Fibronectin is a glycoprotein that interacts with cytokines, the ECM, and with integrins of different cell types, playing important roles in cell-matrix interactions, fibrin clot stabilization, formation of granulation tissue, and cell migration. 39 However, the fibronectin found in chronic wounds differs from fibronectin present in acute wounds, since it is highly fragmented and degraded. It is believed that MMP-9 is responsible for digestion of fibronectin in chronic wounds and that the resultant fragments may exert biological roles, which differ from the natural function of full-length fibronectin. These roles include modulation of MMP activity as well as cell migration and proliferation, creating a state of persistent inflammation, tissue destruction, and leukocyte infiltration. 36
Targeting MMPs in chronic wound healing
Various studies showed enhanced activity of MMPs in healing impairments and detrimental effects of the associated proteolytic environment for normal wound healing. Therefore, numerous treatments have been developed that 
Tetracyclines
Tetracyclines are a group of antibiotics with anti-inflammatory, anti-apoptotic, anti-proteolytic, anti-angiogenic, and antimetastatic properties. 40 Tetracyclines also inhibit MMP activity and connective tissue degradation by deprivation and chelation of divalent cations (Zn 2+ and Ca 2+ are fundamental for MMP activity) and through indirect mechanisms, such as downregulation of MMP synthesis and inhibition of proinflammatory mediators and growth factors that increase MMP expression. 41 These characteristics raised interest in tetracyclines for other applications besides antimicrobial purposes, and therefore they have been widely used to treat several noninfectious diseases, such as rheumatoid arthritis, acne, periodontitis, rosacea, and neutrophilic disorders. Tetracyclines have also been tested for the treatment of chronic wounds, and most of the initial studies focused on two semi-synthetic tetracyclines: minocycline and doxycycline. [42] [43] [44] [45] Minocycline is an antibiotic semi-synthetically synthesized from the original tetracyclines, which was shown by in vivo and in vitro studies to inhibit the gelatinases MMP-2 and MMP-9, the collagenases MMP-1, MMP-8, and MMP-13, and stromelysin (MMP-3), apparently through downregulation of expression of these enzymes and with special sensitivity for MMP-9. 46 In addition, minocycline inhibits the inducible version of nitric oxide synthase (iNOS), a proinflammatory enzyme that is known to induce catabolic events mediated by IL-1β and to upregulate expression of MMPs. 41 A recent study performed in patients with chronic venous leg ulcers showed that inhibition of MMPs and ECM degradation through oral administration of minocycline was beneficial for wound healing. 47 Doxycycline is a more potent inhibitor of MMPs than original tetracyclines and has several advantages over minocycline, particularly better pharmacokinetics, making it safer for the patient. 44 It was reported to inhibit MMP-1 and MMP-8 with half maximal inhibitory concentration values of 25 mM and 300 mM, respectively, and to inhibit both the activity and the secretion of MMP-2 and MMP-9. 32, 42, 48 Several clinical trials have reported beneficial effects of doxycycline for treatment of chronic wounds, which have been associated with inhibition of MMPs. However, bacterial infection may also play an important role for the development of chronic wounds, and thus the use of doxycycline does not allow studying only the effect of MMP inhibition on impaired healing. Moreover, the use of doxycycline raises concerns regarding development of antibiotic-resistant strains of bacteria. 43, 45 Due to the limitations of naturally occurring tetracyclines, several chemical modifications were added to the original Table 1 Overview of current therapies for inhibition of elevated MMP activities in chronic wounds
Treatment method Mechanism of action Limitations
Tetracyclines Minocycline Inhibition of MMP-1, -2, -3, -8, and -9, and iNOS 41 Gastrointestinal toxicity; 44 possibility of development of antibiotic-resistant strains of bacteria 43 
Doxycycline
Inhibition of MMP-1, -2, -8, and -9 35, 42 Development of antibiotic resistance 43 
Chemically modified tetracyclines (CMTs)
Inhibition of MMP-1, -2, -3, -8, -9, -10, -11, -13, MT-MMPs, and neutrophil elastase [42] [43] [44] Not well studied 
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MMPs in chronic wounds molecules, aiming at removing the antimicrobial activity without interfering with the other functionalities. These chemically modified tetracyclines (CMTs) maintained the non-antimicrobial properties of the original compounds, such as improvement of anti-angiogenesis, regulation of release of inflammatory cytokines, inhibition or activation of leukocyte chemotaxis, and anti-oxidative activities, but they did not cause gastrointestinal toxicity after long-term systemic administration. 49 This characteristic allows higher plasma concentrations of the drug over a longer period of time. Several studies also showed that CMTs are able to inhibit neutrophil elastase and MMPs, namely gelatinases (MMP-2 and MMP-9), stromelysins (MMP-3, MMP-10, and MMP-11), collagenases (MMP-1, MMP-8, and MMP-13), and membrane-bound MMPs. [42] [43] [44] The effects of topically applied CMTs for the treatment of chronic wounds are not well documented yet. However, one study performed with diabetic rats showed increased formation of granulation tissue, enhanced re-epithelialization, and decreased activity of collagenases and gelatinases in CMT-2 treated wounds. 50 Hence, CMTs may be a good alternative to natural tetracyclines for treatment of healing impairments, but more research is still needed in this area.
Silver based treatments
MMP-9 has been reported as a main enzyme responsible for matrix degradation in chronic wounds, and abundances of this protease can be up to 25 times higher than in acute wounds. 51 Moreover, the activity of MMP-9 in chronic wounds was found to be a better indicator for chronicity than the total proteolytic activity in wound fluid. Nonetheless, studies exploring specific MMP-9 inhibition during wound healing are still scarce. 36, 43 Silver nitrate and silver sulfadiazine have been widely used against infection and have also been applied as active agents in wound dressings. 52 However, there are concerns regarding possible cytotoxicity of silver-containing materials. Silver causes precipitation of DNA within bacteria and binds to membranes and cell wall proteins. However, silver also reacts with chloride present in wound exudate and thus could precipitate and become inactive against pathogens, requiring more frequent changes of wound dressing. To overcome this limitation, silver nanoparticles, nanocrystalline silver (NCS), were developed. 53, 54 These nanoparticles release uncharged clusters of silver atoms (Ag 0 ) and Ag + , not Ag 5+ as in other silver-containing dressing materials. This uncharged silver reacts slower with chloride ions, increasing efficacy of action. 53, 55 NCS proved to be efficient against fungi and bacteria, and it was shown to accelerate wound healing in pigs. 56 However, the use of NCS is not undisputed. While tests performed in cultured keratinocytes and fibroblasts describe cytotoxic effects induced by NCS, results in human wounds are not conclusive. In some types of wounds, NCS promoted wound healing, but it delayed the healing process in others. 55 In addition to NCS's capacity to reduce infection, it also has anti-inflammatory properties mediated by decreased expression of proinflammatory cytokines, increased apoptosis of inflammatory cells, and decreased activity of gelatinases, mainly MMP-9. 55 At first, researchers associated the beneficial effects of NCS for wound healing with the antimicrobial properties of the dressing agent, but now research is starting to focus on the anti-inflammatory properties, since inhibition of MMP-9 has been suggested as a method to control inflammation. 36 
Collagen dressing agents
Collagen is produced by fibroblasts, and it is the main component of the ECM and the most abundant protein in the human body. 38, 57 It provides structural support for tissues, such as the skin, tendons, bones, cartilage, blood vessels, and ligaments. 58 During wound healing, collagen functions as a scaffold for fibroblasts and keratinocytes and promotes debridement, cell migration, angiogenesis, epithelialization, proliferation, differentiation, and cell survival. [58] [59] [60] Chronic wounds are characterized by impaired recruitment of fibroblasts, reduced collagen deposition, and enhanced activity of MMPs that, taken together, result in the destructive cycle of wound chronicity. 38 The idea of using collagenbased dressing agents is to provide alternative substrates for MMPs, reducing the degradation of endogenous collagen and allowing the wound to heal normally. 61 In addition, collagen-based dressings can also function as a substrate for elastase, which is relatively unspecific and also increases in activity during wound healing. 38 In the Second World War, collagen sutures and extruded fibers were already being used to cover wounded skin, and since then several new collagen-based dressing agents have been developed. 58 The more recent collagen-based dressing agents have been shown to improve healing of acute and chronic wounds in pigs. 61, 62 Nowadays, collagen dressings can contain human-derived or animal-derived collagen, both in native or denatured states (described as gelatin). While human-derived collagen is associated with fewer immunological problems, it is more expensive than animal-derived collagen (such as porcine or bovine collagen), and there is still some concern about the Metalloproteinases In Medicine 2015:2 submit your manuscript | www.dovepress.com
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Sabino and auf dem Keller possibility of prion disease transmitted by these types of collagen. 63 Regarding the state of the collagen, it is possible that some of the benefits of collagen on modulation of cells may be lost with denatured molecules. Moreover, denatured collagen is also degraded faster. 38 Studies have also been performed with collagen-based dressings enriched with additional bioactive components, such as growth factors, chelators, antibiotics, or antioxidants. 58 A study conducted using an infected excisional wound model in rats tested effects of a collagen-based dressing material that releases doxycycline into the wound site. Thereby, the authors tried to target problems originating from infection and from protein degradation at the same time. The study showed faster healing in the treatment than in the control group, which was associated with a higher synthesis of collagen and reduced activity of MMP-2, MMP-8, and MMP-9. 64 Gottrup et al performed a clinical trial in which patients with diabetic foot ulcers were treated with a dressing agent containing collagen, oxidized regenerated cellulose, and silver. This study showed improved healing in the treatment group, with less infection, lower activity of MMP-9 and elastase, and improved wound closure. 65 Taken together, collagen-based dressing materials have the potential to improve wound healing, but more research is still necessary to optimize the type and source of collagen to use, and to assess if patients would benefit from addition of any other component, such as antibiotics, growth factors, or other types of bioactive agents that might also be directed against enhanced MMP activity in chronic wounds.
Negative pressure wound therapy and superabsorbers
Negative pressure wound therapy (NPWT) describes a technique that uses reticulated open-cell foams, which are placed onto the wound site and covered with a semi-occlusive film. The dressing is connected to a therapy unit that delivers vacuum pressure to the wound. 66, 67 This method has been widely used during the last 15 years and shows positive outcomes for wound healing in terms of increased formation of granulation tissue and wound bed preparation, faster reduction of wound area, increased cell proliferation, and reduction of edema. 68, 69 The mechanisms underlying the effects of NPWT are not completely understood, but several ideas have been proposed. Primarily, it is thought that NPWT leads to macro-and micro-deformation of the wound, which facilitates wound closure, and that it maintains a controlled environment during healing by removal of excess wound fluid. 67 Given the increased proteolytic environment in chronic wounds, it has also been hypothesized that NPWT could reduce levels of MMPs by active reduction of proteaserich wound fluid. A study by Mouës et al demonstrated lower levels of pro-MMP-9 and a lower MMP-9/TIMP-1 ratio in patients undergoing NPWT compared to patients subjected to conventional therapies. 69 However, more studies must be performed in order to understand if the beneficial effects of NPWT are related to reduced activity of MMPs.
A similar effect on removal of detrimental MMPs from chronic wound environments has been demonstrated for superabsorbent hydrogel wound dressings. 70, 71 Through their capacity to very efficiently absorb large amounts of fluids, these dressings are very effective in the cleansing phase of wound treatment, when MMP activity is particularly high. In addition to reducing MMP activity in the wound by passive diffusion of exudate, superabsorbers directly bind these proteases as well as Zn 2+ and Ca 2+ ions that are required for their proteolytic activity. These additional activities toward MMPs significantly increase positive effects of specific types of superabsorbers compared to amorphous hydrogel dressing with no protease-inhibiting activity. 72 Thus, superabsorbent hydrogels hold great promise for re-establishing a balanced proteolytic milieu in hard-to-heal wounds and as a prerequisite for normal healing progression.
Conclusion
Wound healing is a complex process that comprises three overlapping phases: hemostasis/inflammation, proliferation, and remodeling. These processes implicate several different cell types as well as ECM synthesis and degradation, growth factor activity, and bioactive actions of inflammatory mediators. Proteases play a pivotal role during wound healing, whereby MMPs have gained special attention due to a correlation between unbalanced MMP activity and progression of chronic wounds. Thus, research has focused on developing strategies to reduce the negative effects of enhanced MMP activity in impaired healing. Although many inhibitors of MMPs have been synthesized, only a few have been approved for treatment. These difficulties are associated with important functions of MMPs in normal wound healing and physiological processes in general, such as processing of cytokines, chemokines, and growth factors, and regulation of apoptosis and immune responses. Therefore, the modulation of MMP activity must be controlled to avoid undesirable outcomes. 73 The knowledge about the level and activity of proteases (in particular MMPs) in each particular wound could allow to predict healing progression and to devise specific treatments for individual patients. However, a good point-of-care test is not available yet. Systagenix Wound Management LLC commercialized the Woundchek™ test to measure proteolytic activity in chronic wounds, but effective therapeutic options to reduce that activity are still limited. 37, 74 
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